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Abstract—Lightning damages to facilities inside or in the vicinity
of wind turbines become remarkably common. Most of the
breakdowns and malfunctions of the electrical and control systems
inside or in the vicinity of wind turbines are caused by ground
potential rise due to lightning current flowing into the grounding
system of the turbine and back-flow lightning current due to the
ground potential rise. To clarify the transient characteristics of the
wind turbine grounding systems and to understand the
mechanism of the breakdowns and malfunctions, we have carried
out a lot of field tests and simulations. In this paper, transient
grounding characteristics of a wind turbines foundation are
discussed
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I.

So far, the measurements of transient grounding
characteristics carried out at wind turbines [10-26] have been
descried. Some of The measured grounding characteristics have
already been verified [16-26] using the FDTD (finite-difference
time-domain) method [21, 22]. From those measured and
simulation results, it has been obvious that those grounding
characteristics really depend on the size of the foundations, wave
front duration of lightning current and grounding resistivity. In
this paper, those relationships are discussed
II. FOUNDATION OF A WIND TURBINE
There are two types of wind turbine foundations. One of
them is the square type that the top and bottom surfaces of the
foundation are square, and the other type is octagonal. Fig. 1

INTRODUCTION

In recent years, accidents associated with the use of a large
number of wind turbine generator systems have increased in
number. Especially, lightning causes extensive and serious
damage to these systems [1-6].
In order to exploit high wind conditions, wind turbine
generator systems are often constructed on hilly terrain or along
the seashore, where few tall structures exist in their vicinity;
therefore, these structures are often struck by lightning. In order
to promote wind power generation, it is important to understand
the mechanism of the extensive and serious damage and to
establish lightning protection methodologies for wind turbine
generator systems [7].
Damage caused to wind turbine generator systems due to
lightning affects the safety and reliability of these systems. Most
of the breakdowns and malfunctions of the electrical and control
systems inside or in the vicinity of wind turbines are caused by
ground potential rise due to lightning and back-flow lightning
current due to the ground potential rise [8, 9]. To solve the
mechanism of generation of the potential rise in these
multifarious ground systems, impulse tests at many kinds of
wind turbine sites are necessary [10-26].

(a) Overall view

(b) Enlarged view
Fig. 1. Foundation before pouring concrete into the mold

changed to 10, 15 and 20m, the grounding resistivity and wave
front duration are also varied from 0.1 to 10,000 Ωm and 0.5 to
82.5 µs. The waveforms of the injected currents are like a step
waveform with several kinds of wave front durations shown in
above.
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Fig. 3. Potential rise waveform (Size of foundation: 20 m ×
20 m, grounding resistivity: 1 Ωm, wave front duration: 2.74
µs).

(a) Foundation model in the case of l m × l m
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(b) Analytical space.
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Fig. 4. Potential rise waveform (Size of foundation: 20 m ×
20 m, grounding resistivity: 1000 Ωm, wave front duration:
27.5 µs)

Fig. 2. Simulation model
shows an octagonal-type foundation before pouring concrete in
to the mold. As shown in these pictures, the foundation consists
of many reinforcing bars. Therefore, the foundation acts as a
good grounding electrode. For the purposes of lightning
protections, any other grounding electrodes usually are not
required to fulfill the required grounding resistance of 10 Ω [2].
III.

ANALYTICAL MODEL

A. Analytical models and cases
The analytical model shown in Fig. 2 is utilized in this paper.
When the current Ii(t) is injected from the top of the foundation,
the potential rise Vp(t) are analyzed. The characteristics of
Vp(t1)/Ii(t2) (called “Impulse impedance”, where t1 : time when
Vp is maximum and t2 : time when Ii is maximum) and steadystate values of Vp(t)/Ii(t) (called “Grounding resistance”), and
Vp(t1)/Ii(t1) are studied. The sides of the foundation have been

B. Analytical space
The FDTD analytical setup is shown in Fig. 2. The
dimensions of the analytical space were 130 m × 130 m × 50 m,
and it was divided into cube cells with a side length of 0.5 m.
The absorbing boundary condition was 2nd order Liao.
The current source was connected between the foundation
and current lead wire as shown in Fig. 2. The current lead wire
and voltage measuring wire were connected to the absorbing
boundaries. Thin-wire models to model the current lead and
voltage measuring wires were used.
C. Features of the potential rise waveforms
When steep front current such as lightning is injected into a
grounding system of a wind turbine, the potential rise appears
depending on the grounding impedance of the grounding system.
It may cause breakdowns and/or malfunctions at the instruments
inside or in the vicinity of the wind turbine.

D. Influences of the grounding resistivity
Fig. 5 shows the relations between impulse impedance and
the grounding resistivity, when the current with several wave
front durations of 0.5, 2.74, 13.4, 27.5 and 82.5 µs and the peak
of 1.0 A is injected into the 20 m × 20 m foundation. In the cases
of other scales of the foundations, same characteristics have
been confirmed. Therefore, the explanations of the cases of 10
m × 10 m and 14 m × 14 m foundations are omitted. In Fig. 5,
the data of 0.1, 1 and 10 Ωm in the wave front durations of 13.4
µs are the cases that the potential rises are inductive (white
marks), and data of 100, 1,000 and 10,000 Ωm are the cases that
the potential rises are capacitive (black marks). In each area,
those features can be approximated linearly.
Fig. 6 shows the relations between the grounding resistance
and the grounding resistivity. This characteristic includes only
resistive feature of the grounding system. Therefore, the feature
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Fig. 5. Relation between impulse impedance and grounding
resistivity (Size of foundation: 20 m × 20 m)
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Fig. 7. Relation between Vp(t1)/Ii(t1) and grounding
resistivity (Size of foundation: 20 m × 20 m)
is in proportion to the value of the ground resistivity and does
not depend on the values of the wave front duration.
Fig. 7 shows the relations between the values of Vp(t1)/Ii(t1)
and the grounding resistivity. In Fig. 7, the white marks are the
cases that the maximum values of Vp appear at the wave front,
and the black marks are the case that the maximum value of Vp
appears at the wave tail.
E. Influences of the wave front duration
Fig. 8 shows the relations between the impulse impedance
and the wave front duration of the injected current, when the
current with the peak of 1.0 A is injected into the foundation
buried in the ground where the grounding resistivity is 100 Ωm.
In the cases of other grounding resistivity, same characteristics
have been confirmed. Therefore, the results in case of 100 Ωm
is discussed. In Fig. 8, when the wave front duration is less than
20 µs, the potential rises are inductive. Therefore, the peak
values also appeared at the wave front. The peak values are in
inverse proportion to the wave front duration.
Fig. 9 shows the relations between the grounding resistance
and the wave front duration of the injected current, when the
current with the peak of 1.0 A is injected into the foundation
buried in the ground where the grounding resistivity is 100 Ωm.
The steady-state values do not change depending on the wave
front duration because the values only depend on the resistive
component of the grounding impedance (namely, the grounding
resistance).
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Fig. 3 shows the potential rise waveform when the current
with the wave front duration of 2.74 µs is injected into the 20 m
× 20 m foundation buried in the ground where the ground
resistivity is 1 Ωm. This potential rise has become inductive. On
the other hands, Fig. 4 shows the potential rise waveform when
the current with the wave front duration of 27.5 µs is injected
into the same-size foundation buried in the ground where the
ground resistivity is 1000 Ωm. This potential rise has shown
capacitive. Depending on the ground resistivity, wave front
duration and size of the foundation, those features appear.
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Fig. 6. Relation between grounding resistance and
grounding resistivity (Size of foundation: 20 m × 20 m)
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Fig. 8. Relation between impulse impedance and wave
front duration (Size of foundation: 10 m × 10 m, 14 m × 14 m
and 20 m × 20 m, Grounding resistivity: 100 Ωm)
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Fig. 9. Relation between grounding resistance and wave
front duration (Size of foundation: 10 m × 10 m, 14 m × 14 m
and 20 m × 20 m, Grounding resistivity: 100 Ωm)
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Fig. 10. Relation between values of Vp(t1)/Ii(t1) and wave
front duration (Size of foundation: 10 m × 10 m, 14 m × 14 m
and 20 m × 20 m, Grounding resistivity: 100 Ωm)
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The relations between the values of Vp(t1)/Ii(t1) and the wave
front duration of the injected current in Fig. 8 are also similar
characteristic with the relation between impulse impedance and
wave front duration as shown in Fig. 10.
IV.
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CONCLUSIONS

In this paper, the grounding characteristics of the wind
turbine foundation have been shown by using the FDTD method,
and the influences of the size of the foundation, the wave front
duration of lightning current and the grounding resistivity on the
grounding characteristics have been clarified.
The characteristics shown in this paper are useful for
grounding designs of wind turbines. Our one of the next
purposes is to derive simple equations from these characteristics.
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